Introduction
Ferredoxin-NADP + reductases (FNRs, EC 1.18.1.2) constitute a family of hydrophilic, monomeric enzymes that contain non-covalently bound FAD as prosthetic group. These flavoenzymes deliver NADPH or low potential one-electron donors (ferredoxin, flavodoxin, adrenodoxin) to redox-based metabolisms in plastids, mitochondria and bacteria. The main physiological role of the chloroplast FNR is to catalyze the final step of photosynthetic electron transport, namely, the electron transfer from the ferredoxin (Fd), reduced by photosystem I, to NADP + (Eqn. 1) (Shin & Arnon, 1965) . This reaction provides the NADPH necessary for CO 2 assimilation in plants and cyanobacteria. FNRs also participate in others electron transfer metabolic processes as nitrogen fixation, isoprenoid biosynthesis, steroid metabolism, xenobiotic detoxification, oxidative-stress response and iron-sulfur cluster biogenesis (Carrillo & Ceccarelli, 2003 , Medina & Gomez-Moreno, 2004 , Rohrich et al., 2005 . Eqn. 1 represents the electron flow through FNR as it occurs in the photosynthetic electron chain. However, the physiological direction of the reaction catalyzed by FNRs involved in the other pathways is opposite, i.e. toward the production of reduced Fd. On this basis, FNRs are sometimes classified as autotrophic (photosynthetic FNRs) and heterotrophic (all other FNRs) (Aliverti et al., 2008 , Arakaki et al., 1997 .
2 Fd(Fe 2+ ) + NADP + + H + ↔ 2 Fd (Fe 3+ ) + NADPH
Some bacteria and algae posses the FMN-containing flavodoxin (Fld) , that is able to efficiently replace Fd as the electron partner of FNR in different metabolic routes, including photosynthesis (Razquin et al., 1996) . In cyanobacteria, Fld expression is induced under condition of iron deficit, when the [2Fe-2S] cluster of Fd cannot be assembled (Razquin et al., 1996) . In other prokaryotes, flavodoxins are constitutively expressed, or induced by oxidants (Zheng et al., 1999) . Both Fld and FNR participate in the detoxification of reactive oxygen species in aerobic and facultative bacteria (Krapp et al., 2002 , Zheng et al., 1999 . The FNR displays strong preference for NADP(H) and is a very poor NAD(H) oxidoreductase. In contrast, various redox compounds, including complexed metals and aromatic molecules, can replace Fd or Fld as electron acceptors in vitro, in the so-called diaphorase activity (Avron & Jagendorf, 1956 
A, electron acceptor n = 1, 2
The capability of FNRs to exchange electrons between mono and bi-electronic substrates is due to the prosthetic group FAD, which can exist in three redox states: oxidised, as radical reduced by one electron (semiquinone) and completely reduced (hydroquinone) by two electrons (Dudley et al., 1964) . The active chemically moiety of the FAD is the isoalloxazine (Figure 1) . Besides, the isoalloxazine ring can be protonated, providing a wide opportunity for tautomers (Heelis P.F., 1982) . Redox states adopted by the FAD. In blue, red and white are showed nitrogen, oxygen and carbon atoms respectively; the yellow colour depicts double bonds.
The protein environment modulates the redox potential of the isoalloxazine in such manner that in photosynthetic tissues it promotes the production of NADPH from reduced ferredoxin (Aliverti et al., 2008) . Two great families of FAD containing proteins displaying FNR activity have evolved from different and independent origins. The enzymes from mitochondria and some bacterial genera are members of the structural superfamily of disulfide oxidoreductases whose prototype is glutathione reductase. A second group, comprising the FNRs from plastids and most eubacteria, constitutes a unique family, the plant-type FNRs, totally unrelated in sequence with the former (Aliverti et al., 2008 . In spite of their different origins, flavoproteins of the two FNR families display similar modes of NADP(H) docking and catalysis and can exchange electron partners (ferredoxin, flavodoxin, adrenodoxin) in vitro (Faro et al., 2003 , Jenkins et al., 1997 , Ziegler & Schulz, 2000 . Members of the plant-type group can be readily identified by the presence of clusters of highly conserved residues, three of them belonging to the FAD (FMN) domain, and the remaining
FNR in the photosynthetic electron transport
The generation of reducing power is crucial for all biosynthetic processes within chloroplasts. The main source of reduction equivalents is the light-driven photosynthesis. The FNR is a key enzyme of photosynthetic electron transport. FNR transfers electrons between the one-electron carrier ferredoxin and the two-electron carrier NADP(H) at the end of the photosynthetic electron transport chain. FNR also participates in others relevant processes as the electron cyclic flow around the photosystem I and in the control of the NADPH/NADP + homeostasis of stressed chloroplasts (Palatnik et al., 1997) . Photosynthetic electron flow is driven by two photochemical reactions catalyzed by photosystem II (PSII) and photosystem I (PSI), which are linked by the electron transport chain (Figure 2 ). Linear electron transport starts with the photo-induced water oxidation catalyzed by PSII. Electrons are transferred from PSII through the plastoquinone pool to cytochrome b 6 f. The electron transport is coupled to proton translocation into the thylakoid lumen, and the resulting pH gradient drives the ATP synthase to produce ATP. Next, electrons move from cytochrome b 6 f to the soluble electron carrier plastocyanin and then to PSI, which acts as light-driven plastocyanin ferredoxin oxidoreductase. Ultimately these electrons can be used by ferredoxin-NADP + reductase to produce NADPH that together with the ATP generated by the ATP synthase will drive the Calvin cycle for CO 2 assimilation (Rochaix, 2011) . The primary function of PSI is to reduce NADP + to NADPH, which is then used in the assimilation of CO 2 (Setif, 2006 , Vishniac & Ochoa, 1951 (Bottin & Lagoutte, 1992 , Medina & Gomez-Moreno, 2004 . Two Fld sq molecules transfer two electrons from two PSI molecules to one FNR. FNR becomes fully reduced through formation of the intermediate, FNR sq , and later transfers both electrons simultaneously to NADP + (Eqn. 5) (Medina, 2009) . It was demonstrated that FNR is one of the rate-limiting steps in photosynthesis, and controls the balance between the demand for redox equivalents and photosynthetic activity under a wide range of environmental conditions (Hajirezaei et al., 2002) . It gives to this enzyme relevance as a possible target for crop improvement and treatment of weeds. (Rochaix, 2011) .
In addition, ferredoxin donates electrons to other pathways such as sulfur and nitrogen assimilation, to thioredoxins, which regulate carbon assimilation and to the cyclic electron transfer process (Rochaix, 2011 , Yamamoto et al., 2006 . Many studies have suggested the involvement of FNR also in cyclic electron flow around PSI (Figure 2 ) besides its role in the linear electron transport of photosynthesis. In cyclic electron flow, electrons are transferred from PSI to cytochrome b 6 f complex via Fd, with a concomitant formation of proton gradient. Consequently, cyclic electron transfer produces ATP without accumulation of NADPH (Mulo, 2011 , Shikanai, 2007 
While cyclic electron flow is well documented in cyanobacteria, unicellular algae, and C4 plants, it is only recently that its importance has been recognized and studied in C3 plants (Joliot & Joliot, 2006) . In C3 plants, cyclic electron flow is especially important under specific stress conditions such as low CO 2 , high light, drought, or during dark to light transitions. Under these conditions, cyclic electron flow allows for acidification of the thylakoid lumen,
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The Plant-Type Ferredoxin-NADP + Reductases 543 which is required for inducing ATP synthesis and for triggering non-photochemical quenching, which in turn down-regulates PSII. Cyclic electron flow is also important when photorespiration is active because more ATP is required for CO 2 fixation under these conditions (Osmond, 1981) . Several routes for cyclic electron flow have been proposed. In the first, ferredoxin transfers its electrons through FNR to NADP + and the NAD(P)H dehydrogenase (Ndh) complex and ultimately to the plastoquinone pool (Figure 2 ). However, in plants, the level of this complex is probably too low for mediating sufficient cyclic electron flow required for ATP production under steady state conditions (Burrows et al., 1998) . FNR, which is found both in the stroma and associated with thylakoid membranes (through TROL or the FNR binding protein, see below), has been proposed to modulate partitioning between the cyclic and linear electron pathways (Rochaix, 2011) . In the second pathway, ferredoxin is thought to transfer electrons to the plastoquinone pool through a ferredoxin-plastoquinone oxidoreductase (Cleland & Bendall, 1992) , an enzyme that has however not yet been identified. This function has been recently assigned to the FNR (Szymanska et al., 2011) . In the third, ferredoxin may interact directly with cytochrome b 6 f and transfer its electrons to cytochrome c′, a new component identified in the crystal structure of the cytochrome b 6 f complex, using a Q-cycle derived mechanism (reviewed in Joliot & Joliot, 2006 , Shikanai, 2007 . It has been proposed that the transhydrogenase activity of the FNR may function in vivo as an intra-chloroplastic source of NADH (Chopowick & Israelstam, 1971 , Krawetz & Israelstam, 1978 . However, the presence of NADH in chloroplasts is most likely to be related to the malate/oxalacetate shuttle (Carrillo & Vallejos, 1987 , Krause & Heber, 1976 .
Purification and characterization of FNR

Purification procedures
FNRs can be obtained using transgenic expression in Escherichia coli cells or from biological samples such as plant leaves, plant roots or cyanobacteria. Nevertheless, the purification procedures further applied to obtain FNR are similar in any case. In this section we will discuss how to obtain the soluble protein extracts from diverse sources, and how to apply different procedures to obtain pure FNR.
Preparation of soluble protein extracts from FNR transgenic expression in Escherichia coli
High throughput preparations of FNRs can be obtained from recombinant expression in E. coli cells by using vectors of the pET (Novagen, USA) or pQE (QIAGEN, USA) series. For the culture of FNR-expressing E. coli cells, Luria-Bertani or 2YT (16 g/l tryptone, 10 g/l yeast extract, 5.0 g/l NaCl) media are recommended. The expression conditions may vary depending on the features of the FNR being studied. Usually, for the wild-type FNR from plants cloned in vectors under the control of the Lac promoter 0.2-1 mM IPTG is used for the induction of protein expression during 2 to 5 h at 25-37ºC (Aliverti et al., 1990 , CatalanoDupuy et al., 2006 , Onda et al., 2000 . For the Anabaena variabilis FNR no inductor was applied and the culture maintained overnight at 30ºC (Tejero et al., 2003) . For unstable FNR mutants, longer induction periods (10-14 h) at low temperature (18-20ºC) are recommended. In these cases, lower inductor concentration (0.1 mM IPTG) gives better yields (Musumeci et al., 2008 , Musumeci et al., 2011 . Nevertheless, extremely long induction periods (20 h or more) are detrimental for the quality of the obtained FNR due to the incorporation of a modified flavin or an improper protein folding ( Figure 3A ). After the induction, E. coli cells that over-expressed FNR are harvested by centrifugation and resuspended in an appropriate buffer solution (25-50 mM Tris-HCl, pH 7.5-8.0, 100-150 mM NaCl). Addition of 5 mM benzamidine hydrochloride or 1 mM phenylmethylsulfonyl fluoride (PMSF) can be used to inhibit unwanted FNR proteolytic degradation. Cells are disrupted by sonication or French Press at 60 MPa. After 20 min incubation with DNase and RNase, centrifugation at 40,000 X g (60 min, 4 °C) is applied in order to remove cell debris and to obtain the soluble protein extract.
Preparation of soluble protein extracts from photosynthetic tissues
The biochemical purification of FNR from biological tissues was neglected with the advent of the recombinant DNA technology, which ensures the production of high amounts of enzyme in lesser times. However, the biochemical purification from photosynthetic tissues can be applied for some specific purposes. Several methodologies have been described in the literature for the purification of the FNR from paprika leaves (Dorowski et al., 2000) , spinach leaves (Grzyb et al., 2004) , soluble extracts of wheat chloroplasts (Grzyb et al., 2008) and from different plant types roots (Green et al., 1991 , Morigasaki et al., 1990 , Onda et al., 2000 . FNR can be also purified from cyanobacteria cell cultures grown in BG 11 medium as described (Sancho et al., 1988) .
Purification of FNR from soluble protein extract
All purification protocol steps should be carried out at 4ºC to ensure good quality preparations of FNR. Soluble protein extract can be subjected to different purification procedures including precipitation with ammonium sulphate, affinity-, anion exchange-and hydrophobic-chromatography. A typical purification protocol for FNR is as follows: The soluble extract is load onto a dye (reactive red or cibacron blue) affinity chromatography matrix. The FNR remains bound to the resin by interaction with the adenosine-like structure of the dye. After washing off the unabsorbed material, bound FNR is eluted with a linear gradient of NaCl or NADP + (Aliverti et al., 1990 , Carrillo & Vallejos, 1983 , Dorowski et al., 2000 . The FNR containing fractions are dialyzed and applied to an ionic exchange chromatography, such as DEAE Sepharose column. After extensive washing, a gradient of NaCl in the same buffer is applied. The FNR containing fractions are pooled and dialyzed. If a further purification is needed, the sample can be applied to a phenyl-Sepharose column. The FNR is eluted with a linear decreasing gradient of (NH 4 ) 2 SO 4 (Dorowski et al., 2000) . Affinity chromatography also can be applied by using immobilized ferredoxin. This methodology has been used for purification purposes (Sakihama et al., 1992) and also for FNR analysis (Onda & Hase, 2004) . Purification procedures using specific tags as glutathion S-transferase (Serra et al., 1993) or polihystidines (Catalano-Dupuy et al., 2006) have been reported. In these cases, a recognition site for specific proteases (as factor Xa, thrombin, TEV protease) is inserted between the FNR sequence and the tag to allow removal of the carrier protein if necessary. Amino terminal extensions are preferred to the carboxy-terminal due to the involvement of this latter region in substrate binding and catalysis.
For Ni-NTA affinity chromatography the protein extract containing the His-tagged FNR is loaded onto a column containing the resin. After intensive washing with Tris-HCl buffer the www.intechopen.com
The Plant-Type Ferredoxin-NADP + Reductases 545 fusion protein is eluted with 100-200 mM imidazole in the same buffer. Then, the histidine tag can be removed by digestion with the appropriate protease and an additional Ni-NTA chromatography (Catalano-Dupuy et al., 2006) . Further purification steps have been applied to improve enzyme quality after the Ni-NTA affinity chromatography (Tejero et al., 2003) .
Long term storage conditions
FNR frozen at -20ºC retain the activity for several months (Zanetti et al., 1984) . FNR can be stored for longer periods (years) at -70ºC in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl. Addition of 1 mM 2-mercaptoethanol or DTT avoid covalent aggregation of some FNRs (Nakajima et al., 2002) .
Properties of the purified FNR 3.2.1 FNR spectroscopic properties
The transition energies of the isoalloxazine portion of FAD are susceptible to variations by the near environment. These perturbations are detectable by different spectroscopic techniques, which provide value information about the structure and the functional performance of the prosthetic group and the flavoenzyme.
Analysis of FNR by UV-visible spectroscopy
The isoalloxazine, the structural component of the flavin involved in electron transfer, absorbs light in the UV and visible spectral range giving rise to the yellow appearance of flavin and flavoproteins (Latin: flavus = yellow) (Macheroux, 1999) . In solution, the FAD shows a spectrum with maxima at 380 and 450 nm. The typical plant FNR spectrum displays peaks at 385 and 456 nm ( Figure 3A , green line). The interaction of the protein scaffold with the isoalloxazine induces a decrease of the maximum energy levels of the isoalloxazine orbitals that results in spectral shifts to higher wavelengths. The presence of typical peaks or shoulders in the spectrum may indicate chemical variations in the flavin or in its protein environment ( Figure 3A , red and blue lines), or the persistence of a bound nucleotide to the enzyme (Piubelli et al., 2000) . The UV-visible absorption spectroscopy can be used with different purposes. Thus, a simple UV-visible spectrum provides information about the quality of the FNR enzyme. Aggregates or contaminants that cause light dispersion may result in an absorbance increase at wavelengths below 600 nm ( Figure 3A , grey line). Knowledge of the enzyme extinction coefficient can be helpful to assess the stoichiometry of the flavin and protein moiety. In general, one flavin per polypeptide is found. Substoichiometric amounts of flavin may indicate depletion of the flavin during purification and handling. The UV-visible spectroscopy can be used to study the binding of substrates, substrate analogues and inhibitors (Aliverti et al., 1995 , Medina et al., 2001 , Paladini et al., 2009 , Piubelli et al., 2000 . Titration with the compound of interest yields the dissociation constant and information about changes that occur in the active site environment ( Figure 3B ) (Paladini et al., 2009) . Besides, the spectrum shape can provide useful information about the nature of the interaction with substrates. Experimental data indicate that when NADP + is present at saturating concentrations, the degree of nicotinamide ring occupancy of the binding site is 14-15% for pea FNR, as revealed by the extinction coefficient value of the peak near 510 nm in differential spectra elicited by pyridine nucleotide binding to the various pea FNR forms (Piubelli et al., 2000) . This value has been used to analyse nicotinamide occupancy when NADP + is bound to different mutant FNR enzymes ( Figure  3C ). On the other hand, the FNR spectral UV-visible properties also depend on the redox state of the flavin. These spectral data are very useful to analyse the flavoprotein function (Macheroux, 1999 , Nogues et al., 2004 (Musumeci et al., 2008) ).
Application of fluorescence spectroscopy
Plant FNRs display typical fluorescence spectra with emissions at 525-535 nm, which are obtained by exciting the sample at 450-460 nm ( Figure 4A ). The fluorescence of bound FAD is known to be largely quenched in the native oxidised form of wild-type FNR being 0.5-0.75% of that of free FAD in solution (Forti, 1966; Shin, 1973) . For fluorescence measurements, the FNR sample should be of the highest purity and diluted into a buffer solution of desired pH (e.g., Tris-HCl or sodium phosphate). Particulate matter should be removed by brief centrifugation at high speed. Passing the sample/buffer solution through a gel filtration column may also remove particles and improve the quality of collected data (Munro A.W. & Noble, 1999) . Besides, this procedure is needed to remove the excess of free FAD that can interfere in the measurements. It is possible to examine the interaction between FNR and substrates such as simple molecules as NADP + or proteins as ferredoxin or flavodoxin by analysis of the FAD fluorescence. NADP + binding induces an increase of FAD fluorescence which can be employed to study the interaction of FNR with its substrate ( Figure 4A ) (Musumeci et al., 2008) . Similarly, quenching of FNR tryptophan fluorescence by ferredoxin or flavodoxin is used to investigate the Fd:FNR complex formation (Davis, 1990) . The main advantage of this procedure is that samples with low concentration can be used. The degree of flavin accessibility to the solvent molecules can be estimated by titration of the FNR sample with a dynamic quencher, as KI ( Figure 4B ). The steeper graph of FAD fluorescence quenching versus quencher concentration indicates higher accessibility of the prosthetic group in the FNR enzyme (Paladini et al., 2009) . Fluorescence also can be applied to study the FNR affinity for FAD ( Figure 4C ). Although FNRs have high affinity for FAD, they can slowly exchange the bound prosthetic group with www.intechopen.com 
Use of CD spectroscopy
CD spectroscopy can be used for the structural analysis of plant FNRs. The far UV spectral region (240-190 nm or lower) correspond to the peptide bond chromospheres. The absorption consists of a weak but broad n→π* transition centred around 210 nm and an intense π→π* transition around 190 nm . Figure 5A shows a typical CD spectrum in the far-UV of a plant FNR properly folded. The spectrum can be used to assess the conservation of secondary structure of FNR and how it is modified by mutations or external factors such as temperature, salts or solvents. Besides, the far-UV region allows to calculate the content of different secondary structure elements (-helix, -sheet and random coil), which can be done using available software and servers (Deleage & Geourjon, 1993 , Whitmore & Wallace, 2004 . On the other hand, the aromatic residues are the main source of signals in the near UV region. These spectra can be used to obtain relevant information on perturbations in the tertiary structure ( Figure 5B ). Peaks in the near-UV and visible region (350-600 nm) are assigned to the bound FAD and can be applied to analyze perturbations of the prosthetic group environment (Musumeci et al., 2011) . The denaturation process of FNR can be followed by monitoring the CD signal at 220 nm whilst the temperature of the sample or the denaturant concentration is gradually increased ( Figure 5C ). A sigmoidal curve is obtained from which parameters associated to the transition and the stability of FNR can be calculated (Musumeci et al., 2008 , Musumeci et al., 2011 . By measuring CD spectra it is possible to assess whether the cofactor binding site in a FNR is more sensitive to the denaturant than the overall enzyme structure. The decrease of the ellipticity in the far UV region measures the disruption of secondary structure, while a similar change at the visible region can be used to assess the integrity of the binding site of the flavin cofactor . For CD spectroscopy the FNR sample concentration should be in the range of 0.5-3 µM for the far UV and 20-30 µM for the near UV. It is essential to minimize the absorption due to other components in the mixture (buffers, electrolytes, detergents, etc.), which can be achieved using 0.1 cm path length cuvettes. For the analysis of the far UV region of the FNR CD spectrum (190 nm or lower) suitable buffer systems as phosphate or borate, should be chosen and high chloride concentrations (> 50 mM) should be avoided .
Application of RMN to study FNRs
RMN studies can be employed to assess the mobility of different FNR regions and to identify the amino acids residues that interact with nucleotide and protein substrates. Using this technique the formation of the catalytic competent complex of FNR and substrates was analysed, providing evidences of the movement of the carboxy-terminal region of the enzyme (Maeda et al., 2005) . On the other hand, analysis of H/D exchange has provided relevant information about how FNR is modulated by pH, and that the NADP + binding domain is made of two subdomains with different dynamic behaviours. The flexible subdomain may be important for controlling the binding affinity of FNR for NADP + (Lee et al., 2007) 
Natural and artificial substrates and Kinetic properties
The optimum pH for FNR activity is in the range of 7.5-8.0 (Masaki et al., 1982 , MelamedHarel et al., 1985 which is coincident value with the pH of the chloroplast stroma during the light step of photosynthesis (Heldt et al., 1973 , Werdan et al., 1975 . The FNR isolectric point varies in the range of 5.5-6.8 (Grzyb et al., 2008) , thus FNRs would be negatively charged at the stromal pH which would enable it to interact with redox partners. With respect to the photosynthetic reaction, the mechanism of electron transfer from reduced ferredoxin to NADP + was characterized in vitro and it was postulated to occur as a twosubstrate process (Carrillo & Ceccarelli, 2003) . The first step involves the access of the www.intechopen.com
The Plant-Type Ferredoxin-NADP + Reductases 549 NADP + to the catalytic site, followed by the binding of reduced ferredoxin, which reduces FNR to the semiquinone state. Then, the oxidised ferredoxin is released and the binding of a second ferredoxin molecule carrying one electron proceeds in order to completely reduce the FNR. Finally, the FNR transfers two electrons to NADP + and produces NADPH. The reverse reaction, which involves the electron transfer from NADPH to ferredoxin can be followed in vitro by using cytochrome c as final electron acceptor in a coupled assay known as cytochrome c reductase activity. Different activities have been associated with both soluble and membrane-bound FNR. Besides Fd, several other electron acceptors can participate in the reductase-mediated oxidation of NADPH, according to the Eqn. 3 (see the Introduction section), in which A ox and A red are the oxidised and reduced forms of the electron acceptor, respectively. The term n equals one or two depending whether the oxidant behaves as a one-(ferricyanide, cytochromes) or two-electron carriers (NAD + , 2,6-dichlorophenol indophenol). A summary of the different reactions catalyzed by FNR is given in Table 1 . To measure these reactions in vitro the commercially available reduced nucleotide can be employed. An alternative source of NADPH can be obtained using a regenerating system containing NADP + , glucose-6-phosphate (0.3 mM) and glucose-6-phosphate dehydrogenase (1 unit/ml).
Steady-state measurements have demonstrated that the diaphorase reactions proceeds through a two-step transfer "ping-pong" mechanism for either ferricyanide, indophenols dyes and tetrazolium salts (Forti & Sturani, 1968 , Masaki et al., 1979 , Nakamura & Kimura, 1971 , Zanetti & Curti, 1981 , Zanetti & Forti, 1966 . The same kinetic mechanism holds for the transhydrogenase activity (Böger, 1971a , Shin & Pietro, 1968 . Diaphorase activity is probably devoid of physiological meaning in most cases, but it has paid an enormous service to the understanding of FNR function and catalytic mechanism. Recently, emerging functions of these activities have been proposed for bacterial FNRs (Takeda et al., 2010 , Yeom et al., 2009 . Moreover, some of these artificial reactions might have technological relevance for bioremediation and pharmaceutical industry (Carrillo & Ceccarelli, 2003 , Cenas et al., 2001 , Tognetti et al., 2007 Reduction of cytochrome c shows a strict requirement for ferredoxin. The reaction is most often described as consisting of two hemi-reactions: FNR-catalyzed reduction of ferredoxin by NADPH, and the subsequent reoxidation of the iron-sulfur protein by cytochrome c. It has been also proposed that the electrostatic complex Fd-cytochrome c is the true substrate for the reductase. Significant rates of oxygen uptake have been found to occur along with citochrome c reductase activity under aerobic conditions (Carrillo & Vallejos, 1987) . The oxidase activity of FNR is very low (Carrillo & Vallejos, 1987 , Gomez-Moreno et al., 1994 . This reaction is enhanced several-fold by different electronic acceptors, including oneelectron reduced ferredoxin or flavodoxin, viologens, nitroderivates and quinones, that can readily engage in oxygen-dependent redox cycling leading to superoxide formation (Gomez-Moreno et al., 1994 , Shah & Spain, 1996 . In addition, FNR catalyses the transhydrogenation between NADPH and NAD + (Böger, 1971b) . The stopped-flow technique allows to study fast enzyme kinetic events in the range of milliseconds. This approach has been employed to characterize pre-steady state processes which involve the interaction and electron transfer between oxidised FNR and NADPH, reduced FNR and NADP + and reduced ferredoxin or flavodoxin and oxidised FNR (Anusevicius et al., 2005 , Hurley et al., 1995 , Martinez-Julvez et al., 1998 , Medina et al., 2001 , Paladini et al., 2009 , Tejero et al., 2007 . The first reduction of pea FNR by Fd produces a semiquinone form too fast to be measured by rapid mixing techniques (Carrillo & Ceccarelli, 2003) and references therein. Fortunately, this step was characterized for Anabaena FNR (Hurley et al., 1995 , Martinez-Julvez et al., 1998 . The electron transfer processes that involve the dissociation of oxidised ferredoxin, the binding of reduced ferredoxin and flavin reduction occurs more slowly and have been characterized in wild-type and mutant enzymes (Medina, 2009 , Nogues et al., 2004 .
Crystal structure of FNR and its complex with natural substrates
The understanding of the FNR structure-function relationships available nowadays derives from a combination of extensive biochemical studies with the structural analysis of wildtype and mutant FNR enzymes from a variety of sources.
Three-dimensional models of oxidised and fully reduced forms of different FNRs have been reported , Correll et al., 1993 , Deng et al., 1999 , Dorowski et al., 2000 , Karplus et al., 1991 , Kurisu et al., 2001 . A resolution of up to 1.05 Å has been recently obtained for the enzyme from maize (Tronrud et al., 2010) . A close related enzyme from the photosynthetic organism Anabaena variabilis has been crystallized and their structure resolved (Serre et al., 1996) . All FNRs are similar at the topology level. They are made up of two structural domains, each containing approximately 150 amino acids (Fig. 6A) . The amino terminal of ca. 150 residues form a -barrel FAD-binding domain (Fig. 6A, pink) whereas the carboxy-terminal region includes most of the residues involved in NADP(H) binding and displays a characteristic -helix/-strand fold (Fig. 6A, light blue) . The FAD in plastidic FNRs is bound in an extended conformation through hydrogen bonds and van der Waals contacts , Serre et al., 1996 , which is primarily obtained by the interaction of the AMP moiety of FAD with a strand-loop-strand -hairpin motif of the protein that is partially absent in bacterial FNRs. The isoalloxazine stacks between the aromatic side chains of two tyrosine residues, Tyr89 on the si-face and Tyr308 on the re-face (Fig. 6B , numbers as in pea FNR). The phenol ring of Tyr308 is the carboxy terminus in pea FNR as in all plastidic type FNRs and is coplanar to the flavin in such a way as to maximize -orbital overlap. Consequently, the NADP(H) nicotinamide should displace the terminal tyrosine for productive binding and catalysis ( Fig. 6B ) (Deng et al., 1999 , Karplus et al., 1991 , Musumeci et al., 2008 , Tejero et al., 2005 . Most of the isoalloxazine moiety is shielded from the solution www.intechopen.com
The Plant-Type Ferredoxin-NADP + Reductases 551 but the edge of the dimethyl-benzyl ring is exposed and participates in electron transfer to other protein substrates . Other crystal structures of wild-type FNRs with NADP + bound have been obtained. In these structures the P-AMP portion of NADP + is properly located and the nicotinamide is far from the catalytic site , Nascimento et al., 2007 , Serre et al., 1996 . It has been suggested that this NADP + conformations may represent different intermediate steps that occur during substrate binding and catalysis (Serre et al., 1996 , Tejero et al., 2005 . Structural studies of binary complexes of oxidised FNR and Fd were resolved by X-ray crystallography for both the Anabaena and maize pairs (Kurisu et al., 2001 , Morales et al., 2000 . The [2S-2Fe] cluster of Fd and the FAD of FNR are in the appropriate proximity (6.0 Å) for electron transfer. Fd binds to a concave region of the FAD domain of maize FNR burying about 5% and 15% of the total surface areas of FNR and Fd, respectively, using in maize and Anabaena complexes the same FNR surface region for the interaction with Fd (Kurisu et al., 2001) .
Interaction of FNR with biological membranes
During the early research on FNR, it was observed that the photosynthetic enzyme was mainly located on the outer surface of the thylakoid membrane (Berzborn, 1968 , Berzborn, 1969 , in agreement with its important roles in the photosynthetic electron transport. For years, the nature of the interaction of the enzyme with the membrane has been matters of research and debate. Three pools of FNR, soluble, loosely-and tightly-bound to the membrane are dynamically interchanged and may have a metabolic relevance , Matthijs et al., 1986 , Mulo, 2011 . In Arabidopsis and maize instead of a unique FNR which equilibrates between the membrane and the stroma, distinct FNRs have been identified . These FNR isoforms display differential partitioning between the stroma and the membrane in response to their tissue localization and metabolic state of the chloroplast (Grzyb et al., 2008 , Lintala et al., 2007 , Okutani et al., 2005 , Zanetti & Arosio, 1980 . FNR solubilisation from the membrane plays a role in maintaining the NADPH/NADP + homeostasis of the stressed plastid. The enzyme changes its function from a membranebound NADPH producer to a soluble NADPH consumer to overcome the accumulation of NADPH. The excess of reducing power might otherwise increase the risk of oxidative damage through the production of hydroxyl radicals (Palatnik et al., 1997) . The persistence of a fraction that remains tightly bound to the membrane has drive to several research groups to search for the existence of an internal membrane protein that acts as binding site for the reductase. The soluble and membrane-bound forms of FNR show different allotropic properties which may reflect conformational changes of the enzyme upon binding to the membrane (Carrillo et al., 1981 , Schneeman & Krogmann, 1975 . In this way, the membrane component may serve to transmit internal thylakoid conditions as pH changes and membrane fluidity to the bound reductase, which then changes its kinetics behaviour. Several years ago a polypeptide of 17.5 kDa was identified as the binding protein for the reductase (Ceccarelli et al., 1985 , Chan et al., 1987 , Vallejos et al., 1984 . The 17.5-FNR complex was detected in different higher plants, including C3, C4, and Crassulacean acid metabolism species (Soncini & Vallejos, 1989) . During solubilisation of FNR under stress condition the reductase-binding protein was released together with FNR, suggesting that it might be the target of some regulation of the membrane bound state (Palatnik et al., 1997) . The reductase-binding protein was identified to be the same than the PsbQ like protein (Soncini & Vallejos, 1989) . This localization challenges its participation as a FNR binding protein. It has been proposed that the PsbQ may also contribute to the integrity of grana thylakoids stacks (Anderson et al., 2008) . Moreover, PsbQ-like homologs have been identified as essential members of the chloroplast NAD(P)H dehydrogenase complex in Arabidopsis (Yabuta et al., 2010) . The reductase-binding protein (PsbQ like protein) may probably has a ubiquitous function on the thylakoid membrane structure. That makes this topic an interesting issue to pursue. More recently, a thylakoidial transmembrane protein with a rhodanase like structure was identified as binding site for FNR (Juric et al., 2009 ). This integral membrane protein contains a conserved carboxy-terminal domain that interacts with high affinity with the FNR enzyme. Three imperfect of such domain were found in one of the proteins of the translocon at the inner envelope membrane of chloroplasts Tic62. Tic62 was proposed as a redox sensor of the translocon and may possibly act as a regulator during the translocation process and serves as a docking site for FNR. Moreover, Tic62 was found bound to thylakoids, soluble in the chloroplast stroma and attached to the inner membrane of the organelle envelope (Benz et al., 2009 , Peltier et al., 2004 ). An unquestionable evidence of the role of TROL protein in FNR binding is that its absence in knockout plants disables FNR from being tethered to the membrane. In these plants, a decrease of the electron transfer rates under high light intensity was detected (Juric et al., 2009) . Nevertheless, the authors suggest that TROL is an important, but not exclusive site for FNR since the enzyme was found in a number of other protein complexes. It was recently observed by crystallographic studies that the FNR-binding motif is a polyproline type II helix, which is located in the carboxy terminus of Tic62 (Alte et al., 2010) . The polyproline type II helix mediates self-assembly of the FNR dimer without influence on the active sites of the enzyme. Interestingly, this type of secondary structure was detected on www.intechopen.com
The Plant-Type Ferredoxin-NADP + Reductases 553 the crystal structure of the PsbQ (the 17,5 kDa identified as the reductase binding protein) on residues Pro9-Pro10-Pro11-Pro12, which forms a typical left-handed helix (or a polyproline type II structure) (Balsera et al., 2005) . These structural elements have been implicated in protein-protein interactions in various cytosolic signal transduction pathways and eucariotic proteins. In addition, the carboxy terminus of TROL may have a similar structure as observed by sequence comparison (Juric et al., 2009 ). Thus, all proteins that have been identified up to date to firmly interact with FNR contain this structure. FNR interacts with different integral components of the thylakoid membrane. Several year ago Wagner et al by using flash kinetic spectroscopy demonstrated that the enzyme undergoes a very rapid rotational diffusion on the thylakoid membrane surface (Wagner et al., 1982) . This movement was significantly reduced upon addition of Fd due to the formation of a ternary complex between the reductase and the photosystem I protein complex. Direct interaction with subunit of PSI was also detected (Andersen et al., 1992) , but the relevance or significance of this interaction is unknown. As in the case of PSI, FNR has also been detected in citochrome b 6 f preparations (Clark et al., 1984 , Zhang et al., 2001 . FNR associated with the cytochrome b₆f complex can participate in the cyclic electron transport as PSI-plastoquinone or NADPH-plastoquinone oxidoreductases, which can explain the presence of FNR in citochrome b 6 f preparations (Szymanska et al., 2011) . Some authors have identified FNR in the Ndh complex. The NAD(P)H dehydrogenase (Ndh) complex in chloroplast thylakoid membranes functions in cyclic electron transfer and in chlororespiration. Ndh is composed of at least 15 subunits, including both chloroplastand nuclear-encoded proteins (Suorsa et al., 2009) . As already mentioned, among the detected subunits of the Ndh complex is the PsbQ which was found associated with FNR. However, the amount of Ndh complex is a minor component of the chloroplast and it is present at ~1.5% of the level of PSII on a molar basis (Burrows et al., 1998) and probably makes a small contribution to the total cyclic electron transport measured in vivo (Joliot et al., 2004) . FNR is an abundant protein in chloroplast. Moreover, protein concentration in the chloroplast stroma was determined to be within the range of 520 to 730 g/dm 3 for spinach and pea (Lilley, 1983) . FNR structure is suitable for interaction with membrane and proteins. It is therefore likely to detect many interactions of the FNR with other structures inside the chloroplast, many of which may have metabolic relevance.
Concluding remarks
For over six decades much effort has been devoted to the elucidation of the structure, catalytic mechanism and regulation of the FNR. Similarly, enormous progress has been made in understanding the insertion and importance of this enzyme on the various metabolic processes in plants and other organisms. The ability to produce FNR by transgenic expression and the modern techniques available nowadays have provided the means to analyze more deeply this flavoprotein. However, multiple aspects of this enzyme are still unknown as the structural bases for the increase of its catalytic competence and the ways to change the nucleotide substrate specificity. Furthermore, the enzyme may be an attractive target for the development of new herbicides and for the design of bactericides. Likewise, the ability of FNR to metabolize xenobiotics and environmental pollutants remain to be exploited. The widespread distribution of FNR will allow in the near future to increase the knowledge of the enzyme by comparative analysis of FNRs from different backgrounds and to advance in the study and manipulation of this key enzyme in the photosynthetic process.
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